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Induction motors are today the most widely used ac machines
due to the advantageous merits of cost, reliability, and perfor-
mances. Induction motor is characterized by complex, highly
non-linear, time varying dynamics, inaccessibility of some
states and output for measurements and hence can be consid-
ered as a challenging engineering problem [1]. The advent of
torque and ﬂux control techniques have partially solved induc-(R.H. Mohammed).
y. Production and hosting by
Shams University.
lseviertion motor control problems, because they are sensitive to
drive parameters variations and performance may deteriorate
if conventional controllers are used. Among many control
methods of induction machines, one of the most important
method is the direct torque control (DTC) [2]. The DTC tech-
nique is intrinsically sensorless [3]. It can provide a very fast,
accurate, reliable ﬂux control and torque responses, and it is
one of the most important three-phase induction motor con-
trol method [2]. The basic concept of direct torque control of
induction motors is investigated in order to emphasize the ef-
fects produced by a given voltage vector on stator ﬂux and tor-
que variations. There have been some DTC-based strategies,
e.g. voltage-vector selection using switching table, direct self-
control, and space-vector modulation [4,5]. The voltage-vector
selection strategy using a switching table is widely researched
and commercialized, because it is very simple in concept and
easy to be implemented [3]. The proper voltage vector selection
is based on the error in electromagnetic torque, error in stator
ﬂux and the position of the stator ﬂux vector. In the conven-
tional DTC scheme the system makes no difference between
a very small and relatively large error of torque and/or ﬂux.
The switching states chosen for the large error that occurs
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or even ﬂux command are the same that have been chosen for
the ﬁne control during normal operation. This may cause a
lightly slower response during the start-up and during a step
change in electric torque or stator ﬂux. This was the reason
of attempting to propose a new approach for direct torque
control (DTC) based on ‘‘the system response can be improved
using different error levels when both the ranges of torque and
ﬂux error are considered’’.
2. Modeling of induction motor
The dynamic behavior of an induction motor is complex due
to the coupling effect between the stator and rotor phases.
Fig. 1 outlines the dynamic d–q equivalent circuits of an induc-
tion machine [6].
The electrical transient model in terms of voltages and cur-
rents can be given in matrix form as:
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‘s’ represents the Laplace operator, d/dt. The mathematical
model of the induction motor can also be rearranged with
the stator and rotor currents set as the state variables.
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The speed xr in the above equations is related to the torque by
the following mechanical dynamic equation,Figure 1 Dynamic d–q equivalent circuits of an induction
machine (a) d-axis circuit, (b) q-axis circuit.Te ¼ Tload þ J dxm
dt
¼ Tload þ J 2
p
dxr
dt
ð3Þ
where J= combined rotor and load inertia, and
xm =mechanical speed. The torque equation in stationary
reference frame can be written as:
Te ¼ 3
2
p
2
Ws  is ð4Þ
In terms of stator and rotor currents, the torque can be written
as:
Te ¼ 3
2
p
2
Lmðirdisq  irqisdÞ ð5Þ3. DTC principles
The DTC scheme is given in Fig. 2, the ﬂux error eu and tor-
que error eT signals are delivered to two hysteresis compara-
tors. The two level hysteresis comparator will produce ﬂux
error status, which can be either 1 or 0, when the estimated ﬂux
touches the lower band the ﬂux error status is 1, which indi-
cates that the actual ﬂux needs to be increased and the appro-
priate voltage vector should be selected. The Three-level
hysteresis will produce torque error status. which can be either
1 or 0 or 1, when the torque increases and reaches the upper
band, it is better to decrease the torque as slowly as possible to
reduce the inverter (VSI) switching frequency. The correspond-
ing digitized output variables: change of magnetic ﬂux Du, of
mechanical torque DT and the stator ﬂux angle Hu created a
digital word, which selects the appropriate voltage vector from
the switching table [6].
The switching table generates pulses C1, C2, C3, to control
the power switches in the inverter. Three-level torque and two
level ﬂux hysteresis controllers are used according to the out-
puts of the torque controller and the sector information (Su)
of the stator ﬂux us, appropriate voltage vectors for both
the inverters are selected from a switching table as it is shown
in Table 1 [7].Figure 2 Block diagram of the induction motor drive system
based on DTC scheme, where Isabc (Isa, Isb, Isc): the three phase
stator current. Vabc (Va, Vb, Vc): the three phase voltage. Vsd, Vsq:
stator voltage components on perpendicular (d, q) axes. Isd, Isq:
stator current components on perpendicular (d, q) axes. Uo: direct
voltage.
Figure 3 Three phase voltage inverter.
Table 1 Optimum switching table.
Sector 1 2 3 4 5 6
Flux Torque
Du= 1 DT= 1 V2 V3 V4 V5 V6 V1
DT= 0 V7 V0 V7 V0 V7 V0
DT= 1 V6 V1 V2 V3 V4 V5
Du= 0 DT= 1 V3 V4 V5 V6 V1 V2
DT= 0 V0 V7 V0 V7 V0 V7
DT= 1 V5 V6 V1 V2 V3 V4
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In a voltage fed three phases voltage inverter as shown by
Fig. 3, the switching commands of each inverter leg are com-
plementary. So for each leg a logic state Ci (i= 1, 2, 3) can
be deﬁned. Ci is 1 if the upper switch is commanded to be
closed and 0 if the lower one is commanded to be close.
Since there are three independent legs there will be eight dif-
ferent states, so eight different voltages.
Applying the vector transformation described as:
Vs ¼ 2
3
U0½C1 þ C2ej2P3 þ C3ej4P3  ð6Þ
As it can be seen inFig. 4, there are six nonzero voltage vectors
and two zero voltage vectors which correspond to (C1, C2,
C3) = (1 1 1)/(0 0 0) as shown by Fig. 3 [8,9].3 
1 
4 
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5 6 
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Figure 4 Partition of the d, q plane into six sectors.3.2. Stator ﬂux control
Stator voltage components (Vsd, Vsq) on perpendicular (d, q)
axes are determined from measured values (U0 and Isabc).
Boolean switching controls (C1, C2, C3) by [10,8]:
Vsd ¼ 2
3
U0 C1  1
2
ðC2 þ C3Þ
 
ð7Þ
Vsq ¼ 1ﬃﬃﬃ
3
p U0ðC2  C3Þ ð8Þ
And stator current components (Isd, Isq):
Isd ¼ 2
3
Isa  1
2
ðIsb þ IscÞ
 
ð9Þ
Isq ¼ 1ﬃﬃﬃ
3
p ðIsb  IscÞ ð10Þ
The stator resistance (Rs) can be assumed constant during a
large number of converter switching periods Te. The voltage
vector applied to the induction motor remains also constant
during one period Te. The stator ﬂux is estimated by integrat-
ing the difference between the input voltage and the voltage
drop across the stator resistance as given by Eq. (11):
/s ¼
Z t
0
ðvs RsIsÞdt ð11Þ
To select the voltage vectors for controlling the amplitude of
the stator ﬂux linkage, the voltage vector plane is divided into
six regions, as shown in Fig. 4. In each region, two adjacent
voltage vectors, which give the minimum switching frequency,
are selected to increase or decrease the amplitude of stator ﬂux,
respectively. For instance, the vectors V4 and V3 are selected
to increase or decrease the amplitude of stator ﬂux when it is
in region number 1, as shown in Fig. 4. In this way, amplitude
of stator ﬂux can be controlled at the required value by select-
ing the proper voltage vectors. Voltage vectors are selected for
keeping the magnitude stator ﬂux and electromagnetic torque
within a hysteresis band [11].
3.3. Stator ﬂux and torque estimation
The magnitude of stator ﬂux, which can be estimated by (12)
and (13)
/sq ¼
Z t
0
ðvsq  RsIsqÞdt ð12Þ
/sd ¼
Z t
0
ðvsd  RsIsdÞdt ð13Þ
The stator ﬂux linkage phasor is given by:
/s ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
/2sd þ /2sq
q
ð14Þ
By comparing the sign of the components stator ﬂux (/sd, /sq)
and the amplitude of stator ﬂux, for ﬁnding the ﬂux the zone
can be localized. Electromagnetic torque calculation uses ﬂux
components (12) and (13), current components (9) and (10)
and P, which is the pole pair number of the induction machine
[9,12]:
Tem ¼ Pð/sdIsq  /sqIsdÞ ð15Þ
Figure 6 Direct torque neuro-fuzzy controller scheme.
74 F.G. Areed et al.As shown in Fig. 4, eight switching combinations can be se-
lected in a voltage source inverter, two of which determine zero
voltage vectors and the others generate six equally spaced volt-
age vectors having the same amplitude. According to the prin-
ciple of operation of DTC, the selection of a voltage vector is
made to maintain the torque and stator ﬂux within the limits of
two hysteresis bands. The switching selection table for stator
ﬂux vector lying in the ﬁrst sector of the d–q plane is given
in Table 1 [10,8].
4. Direct torque neuro-fuzzy controller
4.1. Principles of ANFIS
Neuro-fuzzy network system combines the advantages of neu-
ral network and fuzzy logic system. Neural network provides
connectionist structure and learning abilities to the fuzzy logic
systems, and the fuzzy logic systems provide neural networks
with a structural framework with high-level fuzzy IF-THEN
rule of thinking and reasoning. Neural network-based fuzzy
systems, NF have the learning ability of neural networks to
realize the fuzzy logic inference system, are gained popularity
in the control of nonlinear systems [13]. The adaptive NF
inference system (ANFIS) is one of the proposed methods to
combine Fuzzy logic and artiﬁcial neural networks. Fig. 5
shows the adaptive NF inference system structure. It is com-
posed of ﬁve functional blocks (rule base, database, a decision
making unit, a fuzzyﬁcation interface and a defuzzyﬁcation
interface) which are generated using ﬁve network layers:
Layer 1: This layer is composed of a number of computing
nodes whose activation functions are fuzzy logic member-
ship functions (triangular functions).
Layer 2: This layer chooses the minimum value of the
inputs.
Layer 3: This layer normalizes each input with respect to
the others (The ith node output is the ith input divided by
the sum of all the other inputs).
Layer 4: This layer’s ith node output is a linear function of
the third layer’s ith node output and the ANFIS input
signals.Figure 5 Two-input NF controller structure.Layer 5: This layer sums all the incoming signals. The
ANFIS structure can be tuned automatically by a least-
square estimation (for output membership functions) and
a back propagation algorithm (for output and input mem-
bership functions) [14].
4.2. A proposed structure of DTC system based ANFIS
The proposed ANFIS logic controllers have three variable in-
put, the stator ﬂux error eu, electromagnetic torque error eN,
and angle of ﬂux stator hu, the output is the voltage space vec-
tor. The block scheme of the proposed self-tuned direct torque
neuro-fuzzy controller (DTNFC) for a voltage source inverter
fed induction motor is presented in Fig. 6. The internal struc-
ture of the NFC is shown in Fig. 7.
In the ﬁrst layer of the NF structure, sampled ﬂux error eu,
torque error eT and ﬂux angle Hu, multiplied by respective
weights, are each mapped through three fuzzy logic membershipFigure 7 Proposed neuro-fuzzy controller structure.
Table 2 Switching states of voltage vectors.
States S1 S2 S3
V0 0 0 0
V1 1 0 0
V2 1 1 0
V3 0 1 0
V4 0 1 1
V5 0 0 1
V6 1 0 1
V7 1 1 1
Adaptive neuro-fuzzy control of an induction motor 75functions. These functions are chosen to be triangular shaped
for all the inputs ﬂux error eu, torque error eT and ﬂux angle
Hu where it is given a good outputs compared the others
membership functions as shown in Fig. 8(a–c). For more accu-
racy, the universe of discourse of the stator ﬂux vector position
(Hs) is divided into twelve fuzzy sets denoted (H1) to (H12), as
shown in Fig. 8(c).
The second layer calculates the minimum error value of
three input weights by determining the ﬁring strengths of the
rules and given as:
li ¼ minðljA1ðeuÞ; ljA2ðeTÞ; ljA3ðhuÞÞ ð16Þ
The third layer calculates the weight which is normalized. Nor-
malized value of the ﬁring strengths is deﬁned as the ratio of
ﬁring strength of the kth rule to the sum of the ﬁring strengths.
li ¼ liPli ð17Þ
The fourth layer containing adaptive nodes is the defuzzyﬁca-
tion layer. The output from this layer is: lk (pix+ qiy+ -
miz+ ri), where pi, qi, mi and ri are the consequent
parameters of the node. The inputs (x= eu, y= eT,
z=Hu) and output O4,1 relationship in this layer can be de-
ﬁned as:
O4 ¼ lifi ¼ liðpixþ qiyþmizþ riÞ ð18Þ
where i is the 4th layer output.
For a zero-order Sugeno model, the output level O is a con-
stant (p = q = m= 0) [15], so the relationship between inputs
and output is:(a)
(b)
(c)
Figure 8 (a) Membership functions for ﬂux error signal. (b)
Membership functions for torque error signal. (c) Membership
function for stator ﬂux angle.O4 ¼ lifi ¼ liðriÞ ð19Þ
The ﬁfth layer consists of a single ﬁxed node, it is the summa-
tion of the weighted output of the consequent parameters in
layer 4. The output layer is given by [15]:
O5;i ¼
X
i
lifi ¼
P
ilifiP
ili
ð20Þ
According to zero-order Sugeno method and all the variable
membership function, a neuro-fuzzy controller have 72 rules,
where these rules used to give appropriate output. The output
of the ANFIS are crisp value varies from V0 to V7, to generate
three digital logic signals, that select the proper switching
states of the inverter by using logical operation depending on
Table 2. The switching state is the input to the inverter, where
‘1’ represents the upper limb switches and ‘0’ represents the
lower limb switches of the inverter. Switching states of the in-
verter varies from V0 to V7.0 0.1 0.2 0.3 0.4 0.5
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Figure 9 Torque developed in conventional DTC.
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Figure 11 Torque developed in proposed DTNFC with case (2).
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Figure 10 Torque developed in proposed DTNFC with case (1).
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Figure 12 Stator ﬂux response in conventional DTC.
76 F.G. Areed et al.5. Simulation results of direct torque neuro-fuzzy controller
The Induction motor can be modeled with stator ﬂux and ro-
tor ﬂux as given in [16,17]. 149.2e3VA induction motor was
used for simulation. The parameters of the motor were deter-
mined experimentally and are given in the Appendix A. For
the simulation of the viable torque control schemes, Voltage
source inverter (VSI) was employed. The simulations were car-
ried out using MATLAB2008/SIMULINK technical. In
MATLAB2008, the ANFIS editor graphics user interface isavailable in Fuzzy Logic Toolbox [18]. Using a given input/
output data set, the toolbox constructs a fuzzy inference sys-
tem (FIS) whose membership function parameters are adjusted
using either a backpropagation algorithm alone, or in a com-
bination with a least squares method. A hybrid method which
is employed for updating membership function parameters a
backpropagation algorithm for the parameters associated with
the input membership functions, and least squares estimation
for the parameters associated with the output membership
functions is used [15]. This allows the fuzzy systems to learn
from the data they are modeling [18]. There are two cases
for training input data of ANFIS (a) case 1 when the input
data composed of (12,501) data the torque output will be as
shown in Fig. 10, (b) case 2 when the input data composed
of all data (25,001) the torque output will be as shown in
Fig. 11. The torque ripple percentage in case 1 is reduced com-
pared to case 2 where the data of the training in case 1 is half
the data in case 2 so that the training time required in ANFIS
is reduced in case1 by 25% and it is simple to make training
(the error goal in case1 is reduced compared to case 2). How-
ever, the ﬂux output of the direct torque neuro-fuzzy controller
(DTNFC) is the same for case 1 and case 2 but suffer from
overshoot.
Using ANFIS control provides the system with minimum
ripple for both torque and ﬂux as shown in Fig. 10 and
Fig. 13, where the torque ripple percentage is about 3.5%
Table 3 The percentage ﬂux and torque error for DTC and
DTNFC.
SI. No. Control strategies Flux ripple (%) Torque ripple (%)
1 Conventional DTC 3.75 13.3
2 DTNFC 2.3 3.5
Table 4 Parameters of the selected induction motor.
No. Deﬁnition Symbols Data/unit
1 Rated output PN 149.2e3 (VA)
2 Rated voltage Un 460 (rms) V
3 Rated frequency fN 60 Hz
4 Moment of inertia J 0.005 kg m2
5 Stator resistance Rs 14.85e-3X
6 Rotor resistance Rr 9.295e-3X
7 Stator inductance Ls 0.3027e-3H
8 Rotor inductance Lr 0.3027e-3H
9 Mutual inductance Lm 10.46e-3H
10 Number of pole pairs P 2
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Figure 13 Stator ﬂux response in proposed DTNFC.
Adaptive neuro-fuzzy control of an induction motor 77and the ﬂux ripple percentage is about 2.1%. While the con-
ventional DTC have a relatively large ripple as shown in
Fig. 9 and Fig. 12, where the torque ripple percentage was
about 13.3% and the ﬂux ripple percentage was about
3.75%. Finally, the simulation results show an improvement
with (DTNFC) controller over the conventional DTC in both
ﬂux and torque responses. Table 3 represents the comparative
results in both ﬂux and torque ripples percentage for DTC and
DTNFC. The steady state response for the torque in DTNFC
is faster than classical DTC. Finally, we can conclude that
DTNFC provide more accuracy than classical DTC.
6. Conclusion
In this paper DTNFC of induction machine has been pro-
posed. An improved torque and ﬂux response were achieved
with the DTNFC than the conventional DTC. The perfor-
mance has been tested by simulations. Also, a command ﬂux
optimization scheme has been proposed to reduce the torque
ripples. The ﬂux optimization was tested using simulation.
The results show a reasonable improvement by ﬂux optimiza-
tion. The main improvements shown are:
 Reduction of torque ripples & ﬂux ripples in transient and
steady state response as shown in Table 3.
 Fast stator ﬂux response in transient state.Appendix A
See Table 4.References
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